In this paper the results of the experimental studies on a relationship between pore volume of hard coals and their tendency to spontaneous combustion are presented. Pore volumes were determined by the gas adsorption method and spontaneous combustion tendencies of coals were evaluated by determination of the spontaneous combustion indexes Sz a and Sz a on the basis of the current Polish standards. An increase in the spontaneous combustion susceptibility of coal occurs in the case of the rise both in micropore volumes and in macropore surfaces. Porosity of coal strongly affects the possibility of oxygen diffusion into the micropores of coal located inside its porous structure. The volume of coal micropores determined on the basis of the carbon dioxide adsorption isotherms can serve as an indicator of a susceptibility of coal to spontaneous combustion.
Introduction
Hard coal is considered to be an organic polymer with a well-developed system of pores [1] . In this system one can distinguish submicro-and micropores and mesopores, as well as macropores. In a number of published research studies it has been suggested that micro-and submicropores are located mainly in the aromatic polymer and constitute the primary absorptive part of hard coal [2] . It appears that macropores are found on the edge of the polymer where they are formed as a result of the alicyclic and aliphatic hydrocarbons combination [2] . In the diffusion processes macropores are treated as transport arteries for the molecules of gas penetrating through mesopores into the micro-and submicropore system [3] .
Self-heating of coal present in the deposit or pile can occur when the adequate amount of atmospheric oxygen reaches the sorptive system of the coal structure and stays in contact with the organic components. The process of self-heating of coal is influenced by many factors, including deposit temperature, the degree of coal fragmentation, type of coal and its rank, and moisture and ash content of coal, as well as maceral composition. Lower-rank coals having on their surface the large amounts of reactive groups containing oxygen adsorb more oxygen in the process of oxidation compared with coals of higher rank characterized by more organized structure and lower porosity [4] . The structure of hard coal is one of the factors that determines a susceptibility of coal to spontaneous combustion and influences the process of the self-heating of coal. Probably, energetic centers on the coal surface and oxygen-hydrogen groups are of great importance in this process. During the process of coal oxidation in the first place the following formations are oxidized: -CH al , -CH ar , =CH 2 , -CH 3 , and then finally multicore condensed aromatic systems [3] . Oxygen consumption will also be determined by its transport to the inside of the microporous structure of coals. Hence, of particular significance will also be a system of transport pores consisting of meso-and macropores. According to some authors, it is exactly mesoand macropores that play a great role in the processes of coal oxidation [5] . Although micropores comprise over 90% of the total pore volume, not always their large volume affects an increase in the oxidation rate of coal [6] . The kinetics of the reaction of coal oxidation depends mainly on the development of the solid-phase surface, the presence of active centers on it, and the presence and size of pores enabling transport of the gas phase. The structure of coal determines its accessibility for gases, including atmospheric oxygen, and this is one of the conditions of spontaneous ignition. Coal oxidation takes place both on the outside surfaces of the grains and the inside of the porous structure [7] .
In this study, the authors analyzed the influence of the hard coals structure on their tendency to spontaneous combustion, using the parameter measured by gas adsorption method volume of pores. Adsorption of vapours and gases conducted on hard coals is a source of much information concerning mainly surface and porosity of coals, which are used to describe their properties. Many papers have been published in the areas of gas adsorption such as carbon dioxide, methane, water, carbon monoxide, hydrogen, and hydrocarbons [8] [9] [10] [11] [12] [13] [14] [15] .
Currently Used Methods for Determination of a Susceptibility of Coal to Spontaneous Combustion
The self-heating phenomenon occurs when the heat emitted as a result of contact between hard coal and oxygen is accumulated. In consequence of this accumulation heating up of coal in the deposit takes place, and then, under favorable conditions, the temperature of coal rises and after reaching the ignition temperature an endogenous fire can occur. Endogenous fires are a real threat both to safety of mining crews and to individual processes regarding coal, as from mining, through transport, to recycling; they also cause huge financial losses. The phenomenon of self-heating of hard coals was studied repeatedly, and yet the course of this complicated process is still not entirely known. The complexity of the process of coal oxidation in the deposit results from the impact of many factors associated with this process, whose role in it is not always easy to describe or interpret. From the work safety point of view the proper evaluation of the process of self-heating of coal is extremely crucial as it enables full control over the course of this phenomenon and thus, if needed, an inhibition of its further development in order to prevent dangerous and costly fires. One of the elements of fire hazard assessment is to study the susceptibility of coals to spontaneous combustion. For many years attempts have been made to develop methods for determining the self-ignition tendencies of hard coals. A number of hypotheses and theories of this process have been put forward, including the pyrite theory, phenol theory, and coal-oxygen complex theory. There have been distinguished four groups of methods based on adiabatic calorimetry, isothermal calorimetry, sorption of oxygen, and the rate of temperature rise of a sample in relation to the temperature of a specified reference system [16] . Among many presented methods for evaluation of the spontaneous combustion tendency of coal much space has been devoted to the method of adiabatic calorimetry [17, 18] , which involves measuring the amount of heat emitted under certain fixed external conditions and recording changes in temperature of a coal sample or in the amount of evaporating moisture. This method is useful for long-term processes associated with low-temperature oxidation of coals. In the method of oxygen sorption, in turn, the amount of oxygen used in the process of coal oxidation during a laboratory test is the parameter which determines the qualification of a given coal for a group of low, medium, or high spontaneous combustion susceptibility [19] . In other methods, the critical temperature, which is the lowest temperature at which under laboratory conditions self-heating of coal takes place, is determined and then this temperature is a criterion for the classification of coals as more or less prone to spontaneous combustion [20] .
In Poland the currently used method for examination of hard coals tendencies to spontaneous combustion is the Olpinski method covered by the standard PN-93/G-04558.
Experimental Part
Laboratory tests were carried out on 18 samples of hard coals having varied degrees of metamorphism and different susceptibility to spontaneous combustion, collected from exploitable coal seams in Polish mines. From a laboratory sample of each coal, prepared in accordance with the standard PN-90/G-04502, by means of Fritsch sieves a grain class of 0,063-0,075 mm was isolated. Coal samples of this grain size were examined to determine the values of coal spontaneous combustion indexes and tested for adsorption.
Determination of the Spontaneous Combustion Index of
Coal. Determination of the spontaneous combustion index of coal is performed on the basis of the standard PN-93/G-04558 "Hard Coal Determination of the spontaneous combustion index. " The principle of this method lies in the continuous measurement of the temperature of the pellet made from tested coal, introduced into the air stream at 546 K and 463 K and in the determination of the rate of temperature increase of this pellet at adiabatic points. Coal pellets are made from a specially isolated grain class of 0.063-0.075 mm. In this method spontaneous combustion index Sz a [K/min] is determined-that is, the rate of temperature increase of coal after its oxidation in air at 546 K in an adiabatic (reaction) chamber and similarly index Sz a [K/min] at 463 K. The activation energy is also determined-that is, the minimum energy that a group of molecules must have in order for a reaction to occur, expressed by a value of in the following Arrhenius equation:
describing the relationship between a reaction rate constant ( ) and temperature ( ), where is the activation energy, is the universal gas constant -2,718, and 0 is preexponential factor. The activation energy is expressed by the following formula:
On the basis of the values of coal spontaneous combustion index Sz a and the activation energy a division into five groups of spontaneous combustion according to the standard PN-93/G-04558 has been made. This division is shown in Table 1 . The values of spontaneous combustion indexes and the activation energy for individual coal samples with the corresponding group of spontaneous combustion are shown in Table 2 .
Adsorption Tests.
To determine the pore volume of coal the adsorption tests on examined coal samples were performed, using carbon dioxide and nitrogen as adsorbates. The measurements of the adsorption isotherms of carbon dioxide were conducted at 298 K and of the nitrogen adsorption isotherms at 77.5 K. The adsorption tests were performed applying the volumetric method with the use of an apparatus ASAP 2010 Accelerated Surface Area and Porosimetry Analyzer by Micromeritics in the range of pressure 0-0.1 MPa.
Prior to measurements hard coal samples crushed to a grain class of 0.063-0.075 mm were degassed under a high vacuum of 10 −7 Pa. During degassing they were flushed with helium for easier removal of gas residuals contaminating the coal surface.
The results obtained from the adsorption measurements comprising micropore volumes calculated according to the Dubinin-Radushkevich model based on the carbon dioxide adsorption isotherms and macropore surfaces area calculated according to the BET model based on the nitrogen adsorption isotherms are shown in Table 3 . Those results were next used to plot values of spontaneous combustion indexes Sz a and Sz a both as a function of surface area of macropores and as a function of volume of micropores present in coal. 
Results and Discussion

Effect of Micropore Volume on a Susceptibility of Coals to Spontaneous Combustion.
The main purpose of this part of the study is to determine the relationship between microand submicropore volumes of coal and the values of indexes characterizing susceptibility of coals to spontaneous combustion. Spontaneous combustion of coal is possible in the case of the reaction of specific groups in coal with oxygen. The number of coal active centers depends on the development of the inside micropores surface area and on the accessibility of active centers located in the reactive part of coal for oxygen. Micropore volume becomes then an important factor determining the ability of coal to absorb atmospheric oxygen. Larger micropore volumes cause greater exposition of coal to gases, and thus it is more likely that the process of spontaneous combustion will occur. The method of gas adsorption enables determination of micropore volumes of materials tested and the gas most commonly used for determination of hard coals micropore volumes is carbon dioxide. Its low chemical reactivity, a proper size of the molecule determined by the so-called kinetic diameter (for carbon dioxide it amounts to 0.33 nm) [21] , and the low value of the activation energy are the factors favoring the possibility of carbon dioxide penetration into the pores, which are not available for other gases. According to [22, 23] carbon dioxide is the gas best adsorbed inside the microporous structure of hard coals. Not without significance is also the temperature at which the measurements of adsorption were performed −298 K, as it is the closest to the actual temperature at the bottom of the mine and thus provides an easy access of the carbon dioxide molecules to the coal structure. The adsorption of carbon dioxide takes place in the entire coal structure, both on the outer surfaces and inside the microporous structure, as confirmed in many studies [24] . Considering the CO 2 adsorption in micropores of hard coals, hydroxyl groups present in the coal structure may be of great importance, as they can electrostatically interact with the CO 2 molecule having a double dipole character. Figure 1 shows the dependence of the values of spontaneous combustion index Sz a on micropore volumes, determined from the course of the CO 2 adsorption isotherms. Analyzing this relationship, it can be seen that the values of the index rise with the increasing micropore volume. This relationship is not linear but in a band form, with a rather large scatter of data. Similarly, Figure 2 spontaneous combustion ( Table 2 ). The participation of micropore volume in the oxidation processes applies to all coals, from the highest-rank coals with organized structure whose susceptibility to spontaneous combustion is usually low to those with the lowest percentage of carbon and the highest tendency to spontaneous combustion. Due to a diversity of the micropore volume values obtained from CO 2 adsorption, they can be used to determine the degree of spontaneous combustion tendency of coal.
Relationship between Macropore Surface and a Susceptibility of Hard Coals to Spontaneous Combustion.
Larger mesopores and macropores, the so-called transport pores, are responsible for the transport of sorbed gas (oxygen) into the deep inside of the coal structure. At the initial stage, self-heating of coal is determined by the amount of oxygen adsorbed in macropores and mesopores of the given hard coal. Some authors claim that it is macropores, treated as transport arteries for the molecules of penetrating gas, that make a significant contribution to the processes of coal oxidation [5] . According to [25] , pores of a size less than 100Å do not contribute to the reaction of lowtemperature oxidation due to the lack of microdiffusion. For macropore surface area examination the measurements of nitrogen adsorption have been proposed. In many research studies on the adsorption of nitrogen conducted at 77.5 K on hard coals it has been shown that in those conditions nitrogen is adsorbed only on the inner walls of macropores. At the temperature of liquid nitrogen coal contracts what causes the narrowing of the fine capillaries, preventing the movement of the nitrogen molecules into the inside of further micropores [23] . The influence of the diffusion factor is also being taken into account. Low temperature causes a reduction in the kinetic energy of the nitrogen molecules penetrating the capillaries which stops them in narrow capillaries of the porous coal structure. In the theory of diffusion processes it is assumed that gases penetrating into micropores are first collected in macropores and then transmitted through the mesopore system into micro-and submicropores [26] . In the case of low volume of macropores not all micropores receive enough oxygen which results in slowing down the process of coal oxidation. In literature the issue concerning coal susceptibility to spontaneous combustion resulting from the value of the macropores surface area has been rarely discussed. The obtained tests results were used to plot graphs shown in Figures 3 and 4 . Figure 3 shows the dependence of the values of Sz a index on the macropore surface area. The plotted curve features a band character. After dividing the graph into several rectangular areas a few important remarks can be made. The values of Sz a index falling within a range of macropore surface area values of 1-5 m 2 /g include most of the tested coals and show a gradual increase in the value of this index with a little change of the surface area value. A significant share of these coals demonstrates a similar macropore surface area in the order of 2-3 m 2 /g, although the values of spontaneous combustion indexes of those coals are varied and comprise I-III groups of spontaneous combustion. Coals falling into this range are coals of higher rank with the carbon content of 75-85%. Probably the low value of macropore surface area can hinder the access of adsorbed gases to the inside microporous structure of coals, which can slow down the process of oxidation. It is slightly different in the case of lower-rank coals with the loose structure, whose carbon content is less than 75% C. For those coals the values of macropore surface area differ more. In this case an increase in the spontaneous combustion index is concurrent with a clear increase in the macropore surface area.
In Figure 4 an analogous graph concerning the relationship between the values of Sz a index and macropore surface area is shown. The values of the index discussed in the range of the low values of macropore surface area (1-5 m 2 /g) are distinctly different, as in the case of Sz a index. With an increase in the surface area of macropores of more than 5 m 2 /g the coals already demonstrate quite a high tendency to spontaneous combustion which, undoubtedly, is also associated with a variety of energetic centers on their surface and with a significant increase in the number of reactive groups containing oxygen.
The low values of macropore surface area are the result of physical adsorption characterized by weak dispersion force interactions occurring between the nitrogen molecules and the coal substance. The values of macropore surface area can also be used to evaluate the tendency of coal to spontaneous combustion, although the index expressed by macropore surface area seems to be better only for coals having lower carbon content (below 75% C). For coals of the higher degree of metamorphism, the values of specific surface area are similar, although the index values of those coals are very much different.
Conclusions
Summing up the presented tests results it can be concluded that there certainly is a relationship between pore volume of hard coals and their tendency to spontaneous combustion.
(1) Micropore volumes of coals determined on the basis of the carbon dioxide adsorption isotherms increase with the values of spontaneous combustion indexes Sz a and Sz a of coal according to the standard PN-93/G-04558. Coals with higher values of micropore volume are more prone to spontaneous combustion.
(2) Macropore surface areas determined on the basis of the nitrogen adsorption isotherms also correlate with the values of spontaneous combustion indexes. Highrank coals demonstrate a small change in the surface area of macropores in relation to changes in the values of spontaneous combustion indexes. In the case of coals of lower rank there is a clear rise in spontaneous combustion indexes with the increasing macropore surface area.
(3) Pore volume determined from the adsorption of carbon dioxide seems to be a better parameter that can be used to assess the susceptibility of coal to spontaneous combustion. The molecules of carbon dioxide are well adsorbed in the pore structure of coal; the temperature during measurements is similar to the actual conditions in situ and at the same time there is a greater diversity of micropore volumes compared to the macropore surface area. 
